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The electron Lande´ g factor (g∗) is investigated both experimentally and theoretically in a series
of GaBixAs1−x/GaAs strained epitaxial layers, for bismuth compositions up to x = 3.8%. We
measure g∗ via time-resolved photoluminescence spectroscopy, which we use to analyze the spin
quantum beats in the polarization of the photoluminescence in the presence of an externally applied
magnetic field. The experimental measurements are compared directly to atomistic tight-binding
calculations on large supercells, which allows us to explicitly account for alloy disorder effects. We
demonstrate that the magnitude of g∗ increases strongly with increasing Bi composition x and, based
on the agreement between the theoretical calculations and experimental measurements, elucidate
the underlying causes of the observed variation of g∗. By performing measurements in which the
orientation of the applied magnetic field is changed, we further demonstrate that g∗ is strongly
anisotropic. We quantify the observed variation of g∗ with x, and its anisotropy, in terms of a
combination of epitaxial strain and Bi-induced hybridization of valence states due to alloy disorder,
which strongly perturbs the electronic structure.
I. INTRODUCTION
The incorporation of small concentrations of bismuth
(Bi) into GaAs to form the highly-mismatched dilute
bismide alloy GaBixAs1−x results in a rapid reduction
of the band gap (Eg) with increasing Bi composition
x, of 70 – 80 meV per % Bi replacing As in the alloy
at low x.1,2 This decrease in Eg is accompanied by a
strong increase of the spin-orbit-splitting energy (∆SO),
3
which leads to a band structure in which ∆SO > Eg for
x & 10%.4,5 This band structure condition makes dilute
bismide alloys an attractive candidate material system
for applications in GaAs-based semiconductor lasers op-
erating at mid-infrared wavelengths due to the possibil-
ity to suppress the dominant non-radiative recombina-
tion pathway.6 Moreover, the increased spin-orbit cou-
pling in dilute bismide alloys could lead to the develop-
ment of spintronic devices based on the Rashba spin-orbit
interaction requiring shorter channel lengths or reduced
modulation electric field strengths compared to existing
GaAs-based devices.7 As a result of this and other po-
tential applications, research interest in dilute bismide
alloys has been steadily increasing in recent years.
As a result of the large differences in size and chem-
ical properties between Bi atoms and the As atoms
they replace, Bi acts as an isovalent impurity in GaAs
which strongly perturbs the valence band (VB) structure.
An explanation of the observed strong, composition-
dependent bowing of Eg and ∆SO in GaBixAs1−x has
been proposed2,4,8 in the form of a band anti-crossing
interaction between the extended VB edge states of the
GaAs host matrix, and highly localized Bi-related impu-
rity states which are resonant with the GaAs VB. The
situation in disordered GaBixAs1−x alloys is more com-
plicated, where the reduction in symmetry brought about
through alloy disorder has significant effects on the elec-
tronic properties.4,9
The Lande´ g factor of conduction electrons (g∗) is a
key parameter in semiconductor materials, describing the
response of the electron spins to externally applied mag-
netic fields, as well as providing useful information re-
garding the symmetry of the electron and hole states at
the Γ point in the Brillouin zone. Therefore, in addi-
tion to providing information pertinent to evaluating the
potential of specific materials for spintronic applications,
analysis of the electron spin properties and g factor gives
insight into the material band structure, providing valu-
able data for material characterization and modeling.2,8,9
In particular, g∗ is extremely sensitive to the separation
in energy between the conduction band (CB) minimum
and the light-hole (LH), heavy-hole (HH) and spin-split-
off (SO) bands, as well as hybridization between these
bands caused by, e.g., a reduction of crystal symmetry
due to pseudomorphic strain.10 As a result, calculation
of g∗ provides a stringent test of theoretical models of
the material band structure.11
The Larmor precession of electron spins in the pres-
ence of a magnetic field leads to quantum beating of the
circular polarization of the photoluminescence (PL). Us-
ing time-resolved PL spectroscopy the frequency of these
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2quantum beats can be determined, allowing the relevant
component of g∗ to be determined directly for a given ori-
entation of the externally applied field.12 As a result of
the long coherence times associated with the spin quan-
tum beats observed in the PL polarization, this technique
enables highly accurate determination of g∗.11,13
Recently, in Ref. 14, we experimentally studied
the temperature-dependent spin dynamics of a single
GaBixAs1−x/GaAs epilayer with x = 2.2% and pre-
sented the first measurement of the transverse component
of the electron g factor (g∗⊥) in this emerging material
system. Our measurements showed that the magnitude
of g∗⊥ increases strongly with increasing Bi composition
x in GaBixAs1−x, primarily due to the increase in the
strength of the spin-orbit coupling with increasing x. In
this article we significantly extend upon the analysis of
Ref. 14 by studying a number of samples with Bi compo-
sitions ranging up to x = 3.8%. This allows us to exam-
ine the evolution of g∗ with x, which enables us to iden-
tify general trends in the spin properties of GaBixAs1−x
alloys. By performing time-resolved PL measurements
with different orientations of the applied magnetic field,
we further demonstrate that g∗ is strongly anisotropic in
GaBixAs1−x epilayers.
This experimental analysis is supported by the devel-
opment of a detailed theoretical model for the calcula-
tion of g∗ in GaBixAs1−x and related alloys. The theo-
retical model is based upon a well-established, atomistic
sp3s∗ tight-binding Hamiltonian which we have previ-
ously applied to the study of the electronic structure of
ordered8 and disordered4,9 GaBixAs1−x alloys, as well as
GaBixAs1−x-based quantum well heterostructures.15 Us-
ing this model we identify and quantify the causes of the
observed anisotropy and strong variation of g∗ with x
in GaBixAs1−x. Our theoretical calculations explain the
measured variation of g∗ with Bi composition x in terms
of the effects of epitaxial strain and Bi-induced mixing
of VB states due to alloy disorder. By employing large
supercell calculations containing 4096 atoms we account
for the effects of alloy disorder in a realistic manner and
hence obtain a theoretical description of g∗ which is in
very good agreement with experiment.
The remainder of this paper is organized as follows. In
Section II we describe the sample growth and character-
ization, as well as the details of the experimental mea-
surements. This is followed in Section III by an outline
of our theoretical model. We then present the results
of our combined experimental and theoretical study in
Section IV, beginning in Sections IV A and IV B with
time-integrated and time-resolved experimental results,
before presenting our theoretical results in Section IV C.
Finally, in Section V we conclude.
II. EXPERIMENTAL DETAILS
We have investigated five undoped GaBixAs1−x epi-
layers with Bi compositions up to x = 3.8%, which were
TABLE I: Structural parameters for the GaBixAs1−x/GaAs
epilayers investigated, including layer thicknesses and compo-
sitions, as well as the expected growth uncertainties in these
quantities provided by the Bruker analysis software LEPTOS.
Sample Thickness (nm) Bi composition, x (%)
1 233± 1 1.16± 0.01
2 230± 10 1.80± 0.05
3 258± 1 2.34± 0.01
4 147± 1 3.04± 0.02
5 265± 1 3.83± 0.02
grown on (001)-oriented GaAs substrates by solid-source
molecular beam epitaxy. Full details of the growth pa-
rameters can be found in Refs. 16 and 17. The Bi compo-
sition in each epilayer was determined using x-ray diffrac-
tion (XRD). Additionally, the XRD measurements in-
dicated that the GaBixAs1−x epilayers were elastically
strained. The structural details of each of the epilayer
samples are listed in Table I.
A combination of time-integrated and time-resolved
PL spectroscopy was used to investigate the optical re-
sponse and spin properties of each of the samples. Opti-
cal excitation was provided via 1.5 ps long pulses gener-
ated by a mode-locked Ti:Al2O3 laser with 80 MHz repe-
tition frequency. The excitation wavelength was fixed at
795 nm and the beam was focused on a 50 µm diameter
spot on the sample surface. The polarization of the excit-
ing beam (linear or circular) was set by a combination of
a linear polarizer and a quarter-wave plate, while the de-
gree of circular polarization was obtained by passing the
PL signal through another quarter-wave plate followed by
a linear polarizer. The PL signals were recorded using a
S1 photocathode streak camera with an overall temporal
resolution of 8 ps.
For the measurement of the anisotropic electron g fac-
tor continuous external magnetic fields up to 0.73 T
were applied parallel to (Voigt configuration), and at a
45◦ angle from (tilted configuration), the plane of the
GaBixAs1−x epilayer.12 We note that, in this range of
magnetic field intensities, the binding energy of excitons
is not strengthened by Landau quantization effects.18
The incident laser beam was circularly polarized. In the
Voigt configuration, the light propagation was along the
sample growth (z-) direction while in the tilted configura-
tion, due to the high refractive index of GaBixAs1−x, the
light propagated at an angle of approximately ∼ 12◦ from
the growth direction. In this case, the circular polariza-
tion of the exciting light was still close to 100%, and the
mean electron spin orientation was almost entirely along
the z-axis.
The samples were mounted in a closed cycle He-cooled
cryostat, and the temperature varied from 100 to 300
K. Based on an analysis of the low temperature PL17
the temperatures and excitation intensities for the ex-
periments were chosen in order to minimize both exci-
3tonic effects and the effects of radiative recombination
via localized states.19,20 Therefore, all measurements of
g∗ were carried out at temperatures of 100 K and above
with excitation powers exceeding 10 mW, corresponding
to incident photon fluxes at the sample surface of at least
2.5× 1012 cm−2.
Since the value of g∗ is strongly dependent upon the
material band gap and spin-orbit-splitting energies,10,21
photo-modulated reflectance (PR) measurements were
carried out on each of the samples, which enabled both
Eg and ∆SO to be measured accurately.
22,23 The PR
measurements were carried out in the bright configura-
tion, in which the samples were illuminated by quasi-
white light from a 50 W halogen lamp. A 10 mW beam
from a 514 nm Ar-ion laser chopped at a frequency of
170 Hz was used as the modulation source. The reflected
light was dispersed through a 0.5 m monochromator and
detected by a thermoelectrically cooled InGaAs photodi-
ode. The AC and DC components of the reflectance (R)
and the relative change in the reflectance (∆RR ) were si-
multaneously acquired using a lock-in amplifier.24 The
PR spectra measured in this manner were then ana-
lyzed using low-field PR line-shape functions based on
the Aspnes third-derivative functional form.25 Based on
this analysis, the dependence of Eg and ∆SO on the Bi
composition x was determined directly from the mea-
sured PR spectra.
III. THEORETICAL MODEL
In this section we outline the theory of the effects of
Bi incorporation on the electron g factor in GaBixAs1−x.
The calculation of g∗ is based on an extension of the
method outlined in Ref. 10, which considered the effects
of pseudomorphic strain on the transverse and longitudi-
nal components of g∗ via the strain-induced hybridization
of the LH and SO band edge states at Γ.
We extend this approach here to consider the hy-
bridization of the extended states of the GaAs VB edge
with Bi-related localized states, which we describe using
large supercell calculations. A disordered GaBixAs1−x
alloy contains a large range of these localized states which
are associated not only with isolated Bi atoms, but also
with Bi-Bi pairs and larger clusters of Bi atoms. We
have previously shown4,9 that these alloy disorder and
hybridization effects play a crucial role in determining
the details of the VB structure in GaBixAs1−x.
Our electronic structure calculations are based
upon an atomistic sp3s∗ tight-binding Hamiltonian for
GaBixAs1−x, which includes the effects of spin-orbit cou-
pling. In this model the on-site energies are taken to de-
pend on the overall neighbor environment and the inter-
atomic interaction matrix elements are taken to vary with
the relaxed nearest-neighbor bond length d as
(
d0
d
)η
,
where d0 is the equilibrium bond length in the equiva-
lent binary compound and η is a dimensionless scaling
parameter (the value of which depends on the type and
symmetry of the interaction). The bond angle depen-
dence of the interaction matrix elements is represented
using the two-center integrals of Slater and Koster.26
The supercell calculations were implemented using the
NanoElectronic MOdeling package NEMO-3D.27,28 Full
details of the tight-binding model can be found in Ref. 4.
The Bi-induced mixing of VB states can be quantified
by the fractional GaAs Γ character of the zone center
alloy states. For a given GaBixAs1−x zone center state
|ψj,1〉 having energy Ej,1, the fractional GaAs Γ character
is given by4,8
GΓ(Ej,1) =
g(Ei,0)∑
i=1
|〈ψj,1|ψi,0〉|2 , (1)
where |ψi,0〉 is the unperturbed GaAs zone center host
matrix state having energy Ei,0 and g(Ei,0) is the degen-
eracy of Ei,0 in the unstrained bulk material. GΓ(Ej,1)
is therefore a direct measure of the fraction of the host
matrix GaAs states at energy Ei,0 which have mixed into
the alloy state |ψj,1〉.
The GaBixAs1−x epilayers under investigation were
grown in a state of biaxial compressive stress, so that
an appropriate macroscopic strain must be included in
the supercell calculations in order to correctly describe
the epilayer electronic properties. For a pseudomorphic
epilayer under biaxial stress, the longitudinal and trans-
verse components of the strain tensor are related through
Poisson’s ratio σ by29
⊥ =
−2σ
1− σ ‖ , (2)
with the longitudinal strain in the plane of the epilayer
given by
‖ =
a0 − a(x)
a(x)
, (3)
where a0 and a(x) are, respectively, the lattice constants
of the GaAs substrate and the GaBixAs1−x epilayer.
The GaBixAs1−x lattice constants along the x, y and
z directions in the strained epilayer are then given by
ax = ay = a0 and az = (1 + ⊥) a(x).
We interpolate the GaBixAs1−x lattice and elastic con-
stants linearly between those of the end point binary
compounds30,31 in order to calculate ‖ and ⊥ for a
given Bi composition x, and use the lattice constants
ax, ay and az to set the initial atomic positions in the
supercell. Beginning with a GaAs supercell in which the
atomic positions are defined in this manner, a disordered
GaBixAs1−x supercell is generated by replacing As atoms
by Bi atoms at randomly chosen sites on the anion sub-
lattice. Then, in order to impose a macroscopic pseu-
domorphic strain on the supercell, we fix the positions
of the atoms on the exterior boundaries and perform a
4relaxation of the positions of the atoms in the interior of
the supercell using a valence force field model based on
the Keating potential.32,33
In a pseudomorphically strained epilayer of a conven-
tional III-V alloy, the transverse (g∗⊥) and longitudinal
(g∗‖) components of g
∗ are given in the limit of small
strain by10
g∗⊥
g0
= 1− 2m0|P |
2
3~2
(
1
EB
− 1
EC
)
, (4)
g∗‖
g0
= 1− m0|P |
2
~2
(
1
EA
− 1
3EB
− 2
3EC
)
, (5)
where m0 and g0 are, respectively, the free electron mass
and g factor. In Eqs. (4) and (5) the indices A, B and
C denote, respectively, the HH, LH and SO band edge
states at Γ, while EA, EB and EC denote the differences
in energy between each of these states and the Γ6c states
at the CB minimum. The inter-band momentum matrix
element P between the s-like Γ6c states at the CB min-
imum and the p-like Γ8v states at the VB maximum is
defined by
P = − i~
m0
〈s|p̂m|m〉 (6)
where m = x, y, z and p̂m denotes the components of the
momentum operator.
In Ref. 10 the strain-induced hybridization between the
zone center LH and SO states was calculated explicitly,
leading to additional terms in Eqs. (4) and (5) which are
proportional to the degree of mixing between them. In
our analysis of pseudomorphically strained GaBixAs1−x
alloys here, we include such state mixing in our calcula-
tions by projecting each alloy state onto the unstrained
GaAs HH, LH and SO states, as described by Eq. (1).
Using unstrained GaAs states in this way allows us to
explicitly include the alloy- and strain-induced modifica-
tions to g∗ in our theoretical calculations.
In a GaBixAs1−x alloy the extended VB edge states
of the GaAs host matrix hybridize with a large num-
ber of alloy VB states,8 with the details of the VB mix-
ing depending strongly on alloy disorder.4,9 As discussed
above, this hybridization can be quantified by the frac-
tional GaAs Γ character. Furthermore, the zone center
alloy states |ψj,1〉 form a complete basis set in which the
extended host matrix VB states |ψi,0〉 can be expanded.
Therefore, in order to explicitly account for the effects of
Bi- and strain-induced mixing of the HH-like VB states
in a disordered GaBixAs1−x supercell, we make the re-
placement
1
EA
→
∑
j
GHHΓ (Ej,1)
ECB,1 − Ej,1 , (7)
where ECB,1 is the GaBixAs1−x CB edge energy, the sum
runs over the zone center supercell states and GHHΓ (Ej,1)
is the fractional GaAs HH character of the supercell
VB state |ψj,1〉, calculated by taking |ψi,0〉 = |ψHH,0〉 in
Eq. (1).
Making the equivalent replacements for E−1B and E
−1
C
in Eqs. (4) and (5) in terms of GLHΓ (Ej,1) and G
SO
Γ (Ej,1),
calculated using the unstrained GaAs LH and SO states
|ψLH,0〉 and |ψSO,0〉 in Eq. (1), we arrive at the following
expressions for g∗⊥ and g
∗
‖ in a disordered, pseudomorphi-
cally strained GaBixAs1−x alloy
g∗⊥
g0
= 1− 2m0|P |
2
3~2
∑
j
GLHΓ (Ej,1)−GSOΓ (Ej,1)
ECB,1 − Ej,1 , (8)
g∗‖
g0
= 1− 2m0|P |
2
3~2
∑
j
3
2G
HH
Γ (Ej,1)− 12GLHΓ (Ej,1)−GSOΓ (Ej,1)
ECB,1 − Ej,1 , (9)
which reduce respectively to Eqs. (4) and (5) for x = 0.
Since we are concerned with describing the variation of
g∗ with Bi composition x, and because Bi incorporation
primarily affects the VB, we have neglected the effects
of the Γ7c and Γ8c CB states in our analysis of g
∗. The
effects of these bands on g∗ are significantly less impor-
tant than the effects of the Γ7v and Γ8v VB states that we
have included explicitly in our model, due to their weaker
relative coupling to the Γ6c states at the CB minimum.
21
In addition, the analysis presented here can be straight-
forwardly modified to include contributions from these
and other remote bands.
We have previously shown4,34 that in order to accu-
rately describe the effects of Bi-induced mixing of VB
states in ordered (In)GaBixAs1−x alloys, large supercells
containing & 2000 atoms must be considered. The use
of supercells containing several thousand atoms further
enables an accurate description of the effects of alloy dis-
order to be obtained, due to the large scope for the for-
mation of different local configurations of group V atoms
at fixed alloy composition. We therefore perform our
calculations on supercells containing 4096 atoms. For
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FIG. 1: Time-integrated photoluminescence spectra mea-
sured at T = 300 K, for the five GaBixAs1−x samples listed in
Table I. The measured spectra for samples 1 – 5, which have
all been normalized, are shown using red, black, green, blue
and light blue lines, respectively. The sharp features visible
at 1.42 eV correspond to emission from the GaAs substrate.
a given Bi composition x we consider four separate su-
percells, each of which contains a different statistically
random spatial distribution of Bi atoms. We then obtain
our theoretical values for the longitudinal and transverse
components of g∗ at each Bi composition x by averaging
over the results obtained for each distinct supercell at
that fixed composition.
IV. RESULTS
A. Time-integrated photoluminescence and
photo-modulated reflectance
Steady-state PR and PL measurements have been
used to investigate the optical properties of each of
the GaBixAs1−x epilayers. Measurements of the low-
temperature PL at low excitation intensities displayed
strong localization effects, characterized by an “s-shape”
variation of the PL peak energy with temperature up to
approximately 100 K.17,19,35,36 As stated in Section II, in
order to investigate the g factor associated with conduc-
tion electrons (as opposed to that associated with local-
ized excitons) the PL measurements were performed at
temperatures ≥ 100 K and with sufficiently high excita-
tion intensities to ensure at most a marginal contribution
to the PL signal from localized states.17,20
Fig. 1 shows the measured PL spectra at T = 300 K
for all five of the epilayers listed in Table I. The measured
red-shift of the PL peak over the investigated composi-
tion range is approximately 75 meV per % Bi, in agree-
ment with previous experimental2,3 and theoretical4,8 re-
sults. Comparing each of the GaBixAs1−x PL features to
the observed sharp features at 1.42 eV (associated with
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FIG. 2: Measured (red closed circles) and calculated (black
closed circles) variation of the band gap (Eg) and spin-orbit-
splitting energy (∆SO) at T = 300 K as a function of Bi compo-
sition x for the GaBixAs1−x/GaAs epilayers listed in Table I.
The measured values were obtained using photo-modulated
reflectance spectroscopy, while the calculated values were ob-
tained using the theoretical model outlined in Section III.
emission from the GaAs substrate) we see that the spec-
tral width of the band edge PL increases with increasing
Bi composition. This increase in the PL linewidth is
primarily a result of the effects of alloy disorder, which
causes strong inhomogeneous broadening of the VB edge
states in GaBixAs1−x.9
The variation of the band gap and spin-orbit-splitting
energy with Bi composition are crucial in determining
the magnitude of g∗. In order to determine ∆SO pre-
cisely steady-state PR measurements were performed on
all of the samples. The results of the PR measurements
are summarized in Fig. 2, which shows the measured vari-
ation of Eg and ∆SO with x. Also shown in Fig. 2 are
the results of large supercell tight-binding calculations of
Eg and ∆SO, which were performed using the theoretical
model outlined in Section III. We note that the theoret-
ical model accurately captures the strong, composition
dependent bowing of Eg and ∆SO, and is in good agree-
ment with the experimental data across the investigated
composition range.
B. Measurement of g∗ via time-resolved
photoluminescence spectroscopy
As a result of the Td point group symmetry present
in unstrained bulk III-V compounds such as GaAs, g∗
is isotropic and independent of the direction of the ap-
plied magnetic field.37 However, in the presence of a re-
duction in symmetry, caused for example by quantum-
confinement effects12,38,39 or in the presence of pseu-
domorphic strain,10 g∗ becomes anisotropic. Since the
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FIG. 3: Green and blue lines, left y-axis: Temporal evolution
of the co- and counter-polarized photoluminescence compo-
nents of sample 1, measured in the Voigt configuration at
T = 100 K with B = 0.73 T. Open red circles and black line,
right y-axis: Temporal evolution of the luminescence circular
polarization Pc and an exponentially damped cosinusoidal fit
to Pc based on Eq. (11), respectively.
GaBixAs1−x epilayers under investigation were grown on
GaAs substrates, they are in a state of biaxial compres-
sive stress. As a result of the increase in the GaBixAs1−x
lattice constant with increasing x, the difference between
the transverse and longitudinal components of g∗ is ex-
pected to increase with increasing Bi composition.
Polarization-resolved PL spectroscopy can be used
both to determine the magnitude of g∗, as well as to
investigate its anisotropy. According to the optical selec-
tion rules in bulk material, when the pump beam prop-
agates with circular polarization along the growth (z-)
direction, the electron spins also align along z. Assuming
rapid spin dephasing of holes,40–42 the degree of electron
spin polarization is obtained from the circular polariza-
tion Pc of the luminescence
Pc =
I+ − I−
I+ + I−
, (10)
where I+ and I− are, respectively, the intensities of the
co- and counter-polarized (with respect to the polariza-
tion of the exciting beam) PL components.
When an external magnetic field is applied in the Voigt
configuration, Larmor precession of spins around B oc-
curs, giving rise to a quantum beating of the electron
spins and thus of Pc. This behaviour is clearly visible
in Fig. 3, which shows the measured temporal evolution
of the co- and counter-polarized PL components of sam-
ple 1 (x = 1.16%) at T = 100 K, in the presence of a
transverse magnetic field of 0.73 T. The measured tem-
poral evolution of the degree of PL circular polarization
Pc is also shown in Fig. 3. The latter is well described by
assuming an exponential spin dephasing multiplied by a
cosinusoidal oscillation describing the Larmor precession
of electron spins about B at angular frequency ω
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FIG. 4: Comparison of the temporal evolution of the photolu-
minescence polarization of sample 1, measured in the trans-
verse (Voigt; red open circles) and 45◦ (tilted; black closed
circles) configurations at T = 100 K with B = 0.73 T. Inset:
Measured variation of the Larmor frequency ν (= ω
2pi
) with
the flux density B of the externally applied magnetic field.
Pc(t) = P0 e
−t/τ cos (ωt+ φ) , (11)
where τ is the electron spin dephasing time, P0 is the ini-
tial degree of PL circular polarization, and φ is a constant
phase shift.
The Larmor angular frequency of the electron spin pre-
cession is linked to the g factor tensor and applied field
by
ω =
µBB
~
g∗ , (12)
where µB is the Bohr magneton.
Experimentally, ω is obtained via analysis of the time-
resolved PL polarization, which allows the magnitude of
the relevant component of g∗ to be determined using
Eq. (12) for a given relative orientation of the epilayer
and applied magnetic field. In Ref. 14 we considered only
the transverse component g∗⊥ of the electron g factor, ob-
tained by measuring ω in the Voigt configuration. Since
there is no Larmor precession of electron spins when the
applied magnetic field is parallel to the growth direction,
determination of the longitudinal g factor g∗‖ must be
undertaken in a tilted configuration in which the applied
magnetic field has two components, one in the layer plane
as in the Voigt configuration, as well as an additional
component along the growth (z-) direction. By orienting
the epilayer at 45◦ with respect to the orientation of B,
the magnitude of g∗‖ can be determined via
g∗‖ =
√
2g∗ 245◦ − g∗ 2⊥ , (13)
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FIG. 5: Measured variation of the transverse (black closed
squares) and longitudinal (red open circles) components of the
electron g factor with temperature in sample 1 (x = 1.16%,
top panel) and sample 4 (x = 3.04%, bottom panel) .
where g∗45◦ is the g factor determined in the 45
◦ (tilted)
configuration.12 Full details of the analysis leading to
Eq. (13) are given in the Appendix.
A comparison of the measured polarization dynamics
of sample 1 at T = 100 K in the Voigt and tilted config-
urations is shown in Fig. 4, for an applied magnetic field
with B = 0.73 T. We note that the Larmor frequency of
the observed quantum beats is different in the two cases,
with ω45◦ > ω⊥, which indicates that g∗ is anisotropic
and also that |g∗‖ | > |g∗⊥|. The inset of Fig. 4 shows the
measured variation of the quantum beating (Larmor) fre-
quency as a function of the flux density of the applied
field in the tilted configuration, confirming that ω in-
creases linearly with B. By performing a linear fit to
the variation of the measured Larmor angular frequency
as a function of the magnetic flux density, g∗45◦ can be
determined from the slope of ω45◦(B) as per Eq. (12).
Both g∗⊥ and g
∗
‖ increase strongly in magnitude with
increasing Bi composition x, departing from the isotropic
GaAs Lande´ g factor g∗ = −0.44.43 The measured val-
ues of g∗⊥ and g
∗
‖ for sample 1 (x = 1.16%) and sample
4 (x = 3.04%) are plotted as a function of temperature
in Fig. 5. A reduction in the magnitude of both g∗⊥ and
g∗‖ is observed with increasing temperature, which is con-
sistent with previously observed trends in GaAs.43–45 We
observe a larger difference between g∗⊥ and g
∗
‖ in sample 4
than in sample 1 due to the fact that the pseudomorphic
strain in the epilayer increases with increasing Bi com-
position x, leading to stronger anisotropy in g∗. Detailed
explanation of this behaviour, as well as the dependence
of g∗ on x, is provided by the results of our theoreti-
cal calculations in Section IV C. Our justification for the
choice of a negative sign for the transverse and longitudi-
nal components of g∗ in GaBixAs1−x is based upon our
previous measurement of g∗⊥ in Ref. 14, as well as the fact
that g∗ is known to be negative in GaAs.21
We note that the uncertainty associated with the mea-
surement of g∗ increases with increasing temperature.
The decrease in the magnitudes of g∗⊥ and g
∗
‖ with in-
creasing temperature results in an increase in the period
of the Larmor precession, which becomes comparable to
the electron spin dephasing time at higher temperatures.
Rapid decrease of the spin dephasing time has been ob-
served not only with increasing temperature, but also
with increasing Bi composition x in GaBixAs1−x, as ex-
pected based on the theoretical analysis of Ref. 46. The
latter is a result of the strong enhancement of the spin-
orbit coupling in GaBixAs1−x with increasing x. Spin
dephasing therefore reduces the accuracy with which the
quantum beating frequency, and hence g∗, can be mea-
sured at high temperature. We further note that, at all
temperatures and Bi compositions, the uncertainty asso-
ciated with the measurement of g∗‖ is greater than that
related to g∗⊥ due to the increased noise present in mea-
surements of the time-resolved PL in the tilted configura-
tion compared to the Voigt configuration. This increased
noise in the PL measured in the tilted configuration, com-
bined with dephasing of the electron spins on a timescale
comparable to the Larmor period at high temperature,
meant that it was not possible to measure g∗‖ at 300 K.
Similarly, the increased uncertainty associated with the
measured values of g∗⊥ and g
∗
‖ at higher x is due to the
Bi-induced reduction of the spin dephasing time.
C. Theoretical results and comparison with
experimental measurements of g∗
In order to investigate the effects of alloy disorder and
pseudomorphic strain on the anisotropy of the electron
g factor, we have used the theoretical model described
in Section III to calculate the variation of the transverse
and longitudinal components of g∗ as a function of x.
The theoretical calculations were performed on a series
of disordered 4096-atom supercells, which are either free-
standing (unstrained) or under compressive pseudomor-
phic strain. In the free-standing supercells all atomic
positions are allowed to relax freely, with no constraints
applied to the atoms at the supercell boundaries. In order
to directly quantify the effects of pseudomorphic strain
on the electron g factor, the same spatial distributions
of Bi atoms were used at each composition x in the un-
strained and strained supercell calculations.
Due to the fact that the tight-binding model which
we use underestimates the magnitude of the inter-band
momentum matrix element P by approximately 25%,8
and since we neglect the effects of the Γ7c and Γ8c CB
states in our calculations of g∗, we obtain a suitable value
for P by fitting to the experimental value of g∗ in GaAs,
where the values of Eg and ∆SO are taken directly from
a tight-binding calculation with x = 0. Following this
procedure we obtain a value of P = 10.13 eV A˚ for GaAs
at T = 300 K, close to the commonly accepted value of
80
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FIG. 6: Black lines: Calculated distribution of the Γ character
associated with the GaAs heavy-hole (top panel), light-hole
(middle panel) and spin-split-off-hole (bottom panel) band
edge states over the full spectrum of alloy zone center valence
states in a disordered, 4096-atom Ga2048Bi82As1966 (x = 4%)
supercell. The supercell was placed under a compressive pseu-
domorphic strain, corresponding to epitaxial growth on a
GaAs substrate. Red lines show the calculated distribution
of Γ character in a Bi-free Ga2048As2048 supercell. The zero
of energy is taken at the GaAs valence band maximum. The
black vertical arrows in each panel denote the weighted aver-
age energies of the HH-, LH- and SO-like alloy valence states,
calculated using Eq. (7) for each of EA, EB and EC .
10.48 eV A˚.30 This value of P is then kept constant in
all calculations of g∗⊥ and g
∗
‖ as the Bi composition x is
varied. Based on the analysis of Ref. 44, the variation
of the GaAs host matrix band gap with temperature is
taken to depend solely on the effects of lattice dilatation.
Fig. 6 shows the calculated distribution of the Γ char-
acter associated with the extended GaAs host matrix
HH, LH and SO band edge states over the full spectrum
of zone center alloy states, for a disordered 4096-atom
Ga2048Bi82As1966 (x = 4%) supercell under compressive
pseudomorphic strain. The top, middle and bottom pan-
els of Fig. 6 show, respectively, the GHHΓ (Ej,1), G
LH
Γ (Ej,1)
and GSOΓ (Ej,1) spectra calculated using Eq. (1). For com-
parative purposes, the corresponding Γ character of the
unperturbed GaAs host matrix is also shown in Fig. 6.
As is expected for an epilayer under compressive strain,
we see that the topmost alloy VB state is predominantly
HH-like, having > 50% GaAs HH Γ character. We addi-
tionally note that both the LH and HH band edges in the
alloy are strongly inhomogeneously broadened, which is
evidenced by the large number of alloy VB states over
which the GaAs VB edge Γ character is distributed.
We have previously demonstrated that the strong in-
homogeneous broadening of the GaBixAs1−x VB edge
states is a result of (i) the strong broadening of local-
ized states associated with isolated Bi atoms due to the
large density of GaAs VB states with which they are
resonant,8,47 and (ii) the formation of a range of local-
ized states associated with Bi-Bi pairs and larger clusters
of Bi atoms, which lie above the GaAs VB edge in energy
and hybridize strongly with the alloy VB edge states.9 In
contrast to the character of the alloy VB edge, we note
that the feature associated with the Γ character of the
GaAs SO band edge states, visible in the bottom panel
of Fig. 6, remains relatively sharp in GaBixAs1−x. The
calculated distribution of GaAs SO character shows that
the strong inhomogeneous broadening of the LH-like alloy
VB states minimizes the expected strain-induced mixing
between the LH- and SO-like states. Further calculations
that we have undertaken show strain-induced mixing be-
tween the LH and SO states in ordered supercells; the
strong inhibition of such mixing observed in Fig. 6 is
therefore due to the disorder-induced broadening of the
GaAs LH states in the disordered alloy supercells.
In the absence of pseudomorphic strain g∗ is expected
to be isotropic, with g∗⊥ = g
∗
‖ .
10 Examining the results of
our free-standing supercell calculations in Fig. 7 we see
that this isotropy holds in GaBixAs1−x alloys, even in the
presence of strong alloy disorder. In addition to a rapid,
monotonic increase in the magnitude of g∗ with increas-
ing x, we also calculate that the reduced local symmetry
present in the disordered alloy supercells has a negligible
effect on the isotropy of g∗. In all of the supercells consid-
ered the calculated values of g∗⊥ and g
∗
‖ are approximately
equal, even in the presence of significant alloy disorder at
x = 4%. For example, the maximum calculated differ-
ence between the magnitudes of g∗⊥ and g
∗
‖ in an individ-
ual disordered supercell at x = 4% was 0.034, represent-
ing a disorder-induced variation of approximately 2% in
the magnitude of g∗, so that the g factor can be con-
sidered effectively isotropic even in strongly disordered
GaBixAs1−x alloys.
Further examining Fig. 7 we see that this situation
changes drastically in the presence of pseudomorphic
strain, in which a strong anisotropy of the g factor ap-
pears so that g∗⊥ 6= g∗‖ . As in the unstrained case we see
that the magnitudes of both g∗⊥ and g
∗
‖ increase strongly
and monotonically with increasing x. We also calculate
that (i) the magnitude of g∗‖ exceeds that of g
∗
⊥ for non-
zero x, in agreement with experiment, and (ii) the magni-
tude of g∗‖ is close to the isotropic value of g
∗ calculated in
the absence of strain, both of which are expected for epi-
taxial layers under compressive strain.10 Based on these
comparative calculations we conclude that while the sym-
metry of g∗ is essentially unaltered by the effects of alloy
disorder, the effects of pseudomorphic strain are crucial
for determining the experimentally observed anisotropy
of g∗ in GaBixAs1−x epilayers, as is generally expected
for III-V alloys.10
Fig. 8 shows the measured and calculated variation of
g∗⊥ and g
∗
‖ with x at T = 200 K, where the theoretical
calculations include the appropriate composition depen-
9-2
-1.5
-1
-0.5
0 1 2 3 4
E
le
ct
ro
n
g
-f
a
ct
o
r
Bi composition, x (%)
T = 300 K
E
le
ct
ro
n
g
-f
a
ct
o
r
g∗⊥, free-standing
g∗‖ , free-standing
g∗⊥, biaxially strained
g∗‖ , biaxially strained
FIG. 7: Calculated variation of the transverse and longitudi-
nal components of the electron g factor (denoted respectively
using circles and squares) at T = 300 K, as a function of Bi
composition x. Red open symbols denote free-standing cal-
culations in which no macroscopic strain has been applied to
the supercells. Black closed symbols denote calculations in
which a compressive pseudomorphic strain corresponding to
epitaxial growth on a GaAs substrate has been applied to the
supercells.
dent pseudomorphic strain. In addition to the experi-
mental data for samples 1 – 5, the measured value of g∗⊥
at x = 2.2% has been included from Ref. 14 for com-
pleteness. We see that the theoretical model reproduces
the observed enhancement of g∗⊥ with increasing x to a
high degree of accuracy, but that the description of g∗‖ is
comparatively less accurate. One possible source of the
observed discrepancy between the measured and calcu-
lated values of the longitudinal component of the g factor
is the difficulty related to obtaining a suitably strong PL
signal for the determination of the Larmor frequency in
the 45◦ tilted configuration. This is reflected in the large
experimental errors associated with the measured values
of g∗‖ , as discussed in Section IV B. Additionally, recipro-
cal space maps measured around the asymmetric (224)+
direction did not show any evidence of plastic relaxation
in the epilayers. However, transmission electron diffrac-
tion measurements performed on sample 5 (x = 3.83%)
showed the presence of a low density of interfacial disloca-
tions, which indicates that plastic relaxation has started
to occur. The onset of plastic relaxation in samples with
higher Bi compositions may also partially explain the ob-
served discrepancy between the measured and calculated
values of g∗‖ .
In Ref. 14 it was shown that using Eq. (4) to calcu-
late the variation of g∗⊥ with x, by setting EB = Eg(x)
and EC = Eg(x) + ∆SO(x), strongly overestimates the
experimentally observed increase in the magnitude of g∗⊥
with increasing x. The failure of this simple approach
can be understood in terms of the results presented in
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FIG. 8: Comparison between the measured and calculated
variation of the transverse and longitudinal components of
the electron g factor at T = 200 K, as a function of
Bi composition x in a series of pseudomorphically strained
GaBixAs1−x/GaAs epilayers. Red closed circles (squares) and
black closed circles (squares) denote the measured and calcu-
lated values of g∗⊥ (g
∗
‖), respectively. The measured value of
g∗⊥ at x = 2.2% from Ref. 14 is shown using a blue closed
circle.
Fig. 6, which show that (i) the separation in energy be-
tween the CB and LH band edges is not equal to Eg(x)
due to the strain- and disorder-induced splitting of the
alloy VB edge, and (ii) the weighted average of the LH
contributions to g∗ lie at lower energies in the VB of the
disordered alloy, due to the strong, Bi-induced hybridiza-
tion of the alloy VB states.
In the theoretical model of Section III, the effects of
alloy disorder on the calculated variation of g∗⊥ and g
∗
‖
with x can be determined by considering the distribu-
tion of host matrix Γ character shown in Fig. 6. In the
disordered alloy the VB edge GaAs Γ character is dis-
tributed over a large number of alloy VB states, with the
details of the distribution determined by the precise dis-
order present in the alloy. The details of this distribution
of the GaAs Γ character onto VB states lying below the
alloy VB edge therefore plays a crucial role in determin-
ing the calculated variation of g∗⊥ and g
∗
‖ with x since,
by Eqs. (8) and (9), the contribution from a given alloy
VB state to a specific component of g∗ is weighted by its
associated host matrix Γ character. Specifically, mixing
of this Γ character into VB states with greater separation
in energy from the alloy CB minimum results in contri-
butions from terms such as those in Eq. (7) with larger
denominators, the net result of which is to act against the
stronger increase in g∗⊥ and g
∗
‖ that would be expected
based solely upon the measured variation of Eg and ∆SO
with x.
To further illustrate this point within the context of
our theoretical model we have used the values of g∗⊥ and
10
g∗‖ calculated using Eqs. (8) and (9) at T = 200 K for
the supercell of Fig. 6, as well as the weighted average
energy of the sharp SO-related feature calculated using
the GaAs SO character spectrum (denoted by a vertical
arrow in the bottom panel of Fig. 6), to solve for the
values of EA and EB in Eqs. (4) and (5) that would
be required to reproduce these same values of g∗⊥ and
g∗‖ . The vertical arrows in the top and middle panels
of Fig. 6 show the HH- and LH-like band edge energies
obtained from the values of EA and EB calculated in
this manner (equivalent to calculating EA from Eq. (7),
with a similar expression for EB in terms of G
LH
Γ (Ej,1)).
Examining the calculated distribution of GaAs HH and
LH character in the disordered supercell, we see that the
values of EA and EB required to reproduce g
∗
⊥ and g
∗
‖ as
obtained from Eqs. (8) and (9) lie at significantly lower
energy than the alloy VB states which account for the
majority of the GaAs VB edge character. As a result,
simple calculations based on Eqs. (4) and (5) that do
not take into account the strong, Bi-induced mixing of
VB states in a disordered GaBixAs1−x alloy necessarily
break down unless unrealistic values of EA and EB are
used to represent the energies of the alloy VB edge states.
We conclude that alloy disorder therefore plays a key role
in determining the variation of the magnitudes of g∗⊥ and
g∗‖ with x in GaBixAs1−x. Based on this analysis we
conclude that pseudomorphic strain plays a key role in
determining the magnitudes of g∗⊥ and g
∗
‖ at a given Bi
composition in the disordered alloy since, when compared
to the equivalent unstrained material, compressive strain
acts to preferentially redistribute the GaAs HH character
onto higher energy alloy VB states.
We note that the theoretical calculations of g∗ pre-
sented here, as well as further calculations that we have
undertaken, indicate a monotonic decrease of the electron
effective mass at the CB minimum (m∗c) with increasing
x. While this is in agreement with the experimental mea-
surements presented in Ref. 48, it contradicts those pre-
sented in Ref. 49 which identified an unexpected increase
of m∗c with increasing x. Therefore, while conflicting sets
of experimental data exist on the evolution of m∗c with x
in GaBixAs1−x alloys and there appears as yet to be no
consensus in the literature, our theoretical analysis sup-
ports those experimental data that indicate a decrease
in m∗c with increasing x. However, we note that the Γ7c
and Γ8c CB states (the effects of which are neglected in
our current analysis) play a significantly more important
role in determining m∗c than they do in determining g
∗.21
As a result, a detailed discussion of the effects of Bi in-
corporation on m∗c is beyond the scope of the current
work.
Overall, the theoretical model we developed in Sec-
tion III is capable of describing the anisotropy of g∗ in
pseudomorphically strained GaBixAs1−x epilayers, pre-
dicting correctly that |g∗‖ | > |g∗⊥| in addition to describ-
ing the observed strong enhancement of the magnitudes
of g∗⊥ and g
∗
‖ with increasing x. We conclude that the
theoretical calculations are in very good agreement with
the observed experimental trends, which reinforces the
validity of the detailed picture of the electronic structure
of disordered GaBixAs1−x alloys provided by the tight-
binding model.4,9
V. CONCLUSIONS
We have presented a detailed experimental and theo-
retical study of the composition dependence of the elec-
tron Lande´ g factor g∗ in GaBixAs1−x/GaAs epilay-
ers, for Bi compositions up to x = 3.8%. The opti-
cal properties of these epilayers were characterized us-
ing a combination of time-integrated photoluminescence
and photo-modulated reflectance measurements. The ob-
served rapid reduction of the GaBixAs1−x band gap, and
increase in the spin-orbit-splitting energy, with increasing
x is in line with that noted previously by several authors.
The transverse and longitudinal components of g∗ were
measured via time-resolved photoluminescence spec-
troscopy, which was used to determine the frequency of
the quantum beating of the luminescence circular polar-
ization associated with the Larmor precession of elec-
tron spins about an externally applied magnetic field.
By varying the orientation of the epilayer samples with
respect to the direction of the applied magnetic field we
demonstrated that (i) g∗ becomes highly anisotropic in
pseudomorphically strained GaBixAs1−x alloys, and (ii)
the magnitudes of the transverse (g∗⊥) and longitudinal
(g∗‖) components of g
∗ increase strongly with increasing
Bi composition x.
In order to explain this behaviour we have developed a
theoretical model for the description of g∗ in GaBixAs1−x
alloys. The theoretical model is based upon atomistic
tight-binding calculations of the electronic structure of
large GaBixAs1−x alloy supercells and explicitly takes ac-
count of the effects of alloy disorder and pseudomorphic
strain, which are known to play key roles in determining
the details of the valence band structure in dilute bis-
mide alloys. Calculations undertaken using this model
have revealed that the rapid increase in the magnitude
of both g∗⊥ and g
∗
‖ with increasing x in GaBixAs1−x is
explained by a combination of the strong decrease (in-
crease) in the band gap (spin-orbit-splitting energy) with
increasing x, as well as hybridization of the extended
states of the GaAs host matrix valence band edge with
the large range of localized Bi-related states present in a
disordered GaBixAs1−x alloy.
Our theoretical analysis has additionally revealed
that the reduced symmetry in strongly disordered
GaBixAs1−x alloys has a negligible effect on the isotropy
of g∗. The observed strong anisotropy of g∗ in the bulk-
like epitaxial layers studied here is then attributed to the
effects of compressive strain, as is the case for other III-V
material systems.
Overall, our measured and calculated results are in
very good agreement and our combined experimental and
11
theoretical analysis has elucidated important factors con-
cerning the strongly perturbative effects of Bi incorpora-
tion on the electronic structure GaBixAs1−x alloys.
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Appendix
In order to directly determine the components of the
electron g factor tensor g∗, non-resonant time-resolved
PL measurements were carried out in the presence of
an externally applied magnetic field. We describe here
the theory underlying the procedure used to obtain the
transverse and longitudinal components g∗⊥ and g
∗
‖ of
the anisotropic g factor from the observed quantum
beating of the circular polarization Pc of PL from the
GaBixAs1−x epilayers.
The temporal evolution of the components of the elec-
tron spin S = (Sx, Sy, Sz), in the presence of a tilted
magnetic field B = (Bx, 0, Bz), is given by
12
dSi
dt
= (ω × S)i −
Si
τi
, (14)
where i = x, y, z and the anisotropic spin dephasing times
τi are given along the transverse and longitudinal direc-
tions by τx = τy = τ⊥ and τz = τ‖ respectively. The
vector ω is the Larmor angular frequency of the gyrating
electron spins, the components of which are given by
ωx =
µBBx
~
g∗⊥ , (15)
ωy = 0 , (16)
ωz =
µBBz
~
g∗‖ . (17)
The first term on the right hand side of Eq. (14) de-
scribes the coherent evolution resulting from the coupling
of the electron spin S to the magnetic field B, while the
second term describes the spin dephasing dynamics. Un-
der experimental conditions in which50
ω  1
2
∣∣∣∣ 1τ⊥ − 1τ‖
∣∣∣∣ , (18)
if we take an initial spin vector S0 = (0, 0, S0) and ignore
the effects of spin dephasing, then we calculate the z-
component of the electron spin by solving Eq. (14) to
obtain
Sz(t) = S0
[
1−
(ωx
ω
)2 (
1− cos (ωt)
)]
, (19)
where ω =
√
ω2x + ω
2
z .
In Voigt configuration, when B has only one compo-
nent, along the x-axis, Sz(t) is given by
Sz(t) = S0 cos (ωt) . (20)
Experimentally, the Larmor angular frequency ω is ex-
tracted from the quantum beats of the circular polariza-
tion of the PL, Pc(t) = −2Sz(t), as a function of the
intensity of the applied magnetic field.
In the Voigt and 45◦ titled configurations – in which
the magnetic fields are directed at 90◦ and 45◦ to the
growth (z-) direction respectively, with B = (B, 0, 0) and
B =
(
B√
2
, 0, B√
2
)
– the Larmor angular frequencies of the
quantum beats in the polarization of the PL are given by
ω90◦ = ω⊥ =
µBB
~
g∗⊥ , (21)
ω45◦ =
µBB
~
g∗45◦ =
µBB
~
√
g∗ 2‖ + g
∗ 2
⊥
2
. (22)
Therefore, once the values of g∗⊥ and g
∗
45◦ are deter-
mined by measuring the frequency of the quantum beats
in the PL circular polarization for each of the Voigt and
45◦ tilted configurations, g∗‖ is determined straightfor-
wardly from Eq. (22) as
g∗‖ =
√
2g∗ 245◦ − g∗ 2⊥ ,
which is Eq. (13) in the main text.
∗ Electronic address: c.broderick@umail.ucc.ie † Electronic address: mazzucat@insa-toulouse.fr
12
1 S. Tixier, S. E. Webster, E. C. Young, T. Tiedje, S. Fran-
coeur, A. Mascarenhas, P. Wei, and F. Schiettekatte, Appl.
Phys. Lett. 86, 112113 (2005).
2 K. Alberi, J. Wu, W. Walukiewicz, K. M. Yu, O. D. Dubon,
S. P. Watkins, C. X. Wang, X. Liu, Y.-J. Cho, and J. Fur-
dyna, Phys. Rev. B 75, 045203 (2007).
3 B. Fluegel, S. Francoeur, A. Mascarenhas, S. Tixier, E. C.
Young, and T. Tiedje, Phys. Rev. Lett. 97, 067205 (2006).
4 M. Usman, C. A. Broderick, A. Lindsay, and E. P. O’Reilly,
Phys. Rev. B 84, 245202 (2011).
5 Z. Batool, K. Hild, T. J. C. Hosea, X. Lu, T. Tiedje, and
S. J. Sweeney, J. Appl. Phys. 111, 113108 (2012).
6 S. J. Sweeney and S. R. Jin, J. Appl. Phys. 113, 043110
(2013).
7 S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).
8 C. A. Broderick, M. Usman, and E. P. O’Reilly, Semicond.
Sci. Technol. 28, 125025 (2013).
9 M. Usman, C. A. Broderick, Z. Batool, K. Hild, T. J. C.
Hosea, S. J. Sweeney, and E. P. O’Reilly, Phys. Rev. B 87,
115104 (2013).
10 G. Hendorfer and J. Schneider, Semicond. Sci. Technol. 6,
595 (1991).
11 M. Oestreich, S. Hallstein, and W. W. Ru¨hle, IEEE J. Sel.
Top. Quant. Electron. 2, 747 (1996).
12 P. L. Jeune, D. Robart, X. Marie, T. Amand,
M. Brousseau, J. Barrau, V. Kalevich, and D. Rodichev,
Semicond. Sci. Technol. 12, 380 (1997).
13 A. P. Heberle, W. W. Ru¨hle, and K. Ploog, Phys. Rev.
Lett. 72, 3887 (1994).
14 S. Mazzucato, T. T. Zhang, H. Carre`re, D. Lagarde,
P. Boonpeng, A. Arnoult, G. Lacoste, A. Balocchi,
T. Amand, C. Fontaine, et al., Appl. Phys. Lett. 102,
252107 (2013).
15 M. Usman and E. P. O’Reilly, Appl. Phys. Lett. 104,
071103 (2014).
16 F. Sarcan, O. Donmez, K. Kara, A. Erol, E. Akalin,
M. C¸. Arikan, H. Makhloufi, A. Arnoult, and C. Fontaine,
Nanoscale Res. Lett. 9, 119 (2014).
17 S. Mazzucato, H. Lehec, H. Carre`re, H. Makhloufi,
A. Arnoult, C. Fontaine, T. Amand, and X. Marie,
Nanoscale Res. Lett. 9, 19 (2014).
18 G. Pettinari, H. Engelkamp, P. C. M. Christianen, J. C.
Maan, A. Polimeni, M. Capizzi, X. Lu, and T. Tiedje,
Phys. Rev. B 83, 201201(R) (2011).
19 S. Mazzucato, P. Boonpeng, H. Carre`re, D. Lagarde,
A. Arnoult, G. Lacoste, T. Zhang, A. Balocchi, T. Amand,
X. Marie, et al., Semicond. Sci. Technol. 28, 022001 (2013).
20 A. R. Mohmad, F. Bastiman, C. J. Hunter, R. D. Richards,
S. J. Sweeney, J. S. Ng, J. P. R. David, and B. Y. Majlis,
Phys. Stat. Sol. B 251, 1276 (2014).
21 C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823
(1977).
22 O. J. Glembocki and B. V. Shanabrook, Semicond.
Semimet. 36, 221 (1992).
23 J. Misiewicz, P. Sitarek, and G. Sek, Opto-Electron. Rev.
8, 1 (2000).
24 O. Donmez, F. Nutku, A. Erol, M. C¸. Arikan, and Y. Er-
gun, Nanoscale Res. Lett. 7, 622 (2012).
25 D. E. Aspnes, Surf. Sci. 37, 418 (1973).
26 J. C. Slater and G. F. Koster, Phys. Rev. 94, 1498 (1954).
27 G. Klimeck, S. S. Ahmed, N. K. H. Bae, S. Clark, B. Haley,
S. Lee, M. Naumov, H. Ryu, F. Saied, M. Prada, et al.,
IEEE Trans. Electron. Dev. 54, 2079 (2007).
28 G. Klimeck, S. S. Ahmed, N. Kharche, M. Korkusinski,
M. Usman, M. Prada, and T. B. Boykin, IEEE Trans.
Electron. Dev. 54, 2090 (2007).
29 L. D. Landau and E. M. Lifshitz, Theory of Elasticity, 3rd
ed. (Elsevier, Oxford, 1986).
30 I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, J.
Appl. Phys. 89, 5815 (2001).
31 M. Ferhat and A. Zaoui, Phys. Rev. B 73, 115107 (2006).
32 P. N. Keating, Phys. Rev. 145, 637 (1966).
33 O. L. Lazarenkova, P. von Allmen, F. Oyafuso, S. Lee, and
G. Klimeck, Appl. Phys. Lett. 85, 4193 (2004).
34 C. A. Broderick, M. Usman, and E. P. O’Reilly, Phys. Stat.
Sol. B 250, 773 (2013).
35 S. Imhof, C. Wagner, A. Chernikov, M. Koch, K. Kolata,
N. S. Ko¨ster, S. Chatterjee, S. W. Koch, X. Lu, S. R.
Johnson, et al., Phys. Stat. Sol. B 248, 851 (2011).
36 S. Imhof, C. Wagner, A. Thra¨nhardt, A. Chernikov,
M. Koch, N. S. Ko¨ster, S. Chatterjee, S. W. Koch,
O. Rubel, X. Lu, et al., Appl. Phys. Lett. 98, 161104
(2011).
37 V. K. Kalevich and V. L. Korenev, JETP Lett. 57, 557
(1993).
38 A. Malinowski and R. T. Harley, Phys. Rev. B 62, 2051
(2000).
39 E. L. Ivchenko and A. A. Kiselev, Sov. Phys. Semicond.
26, 827 (1992).
40 L. J. Sham, J. Phys.: Condens. Matter 5, A51 (1993).
41 D. J. Hilton and C. L. Tang, Phys. Rev. Lett. 89, 146601
(2002).
42 F. Meier and B. Zakharchenya, eds., Optical Orientation
(Modern Problems in Condensed Matter Science, North-
Holland, Amsterdam, 1984).
43 M. Oestreich and W. W. Ruhle, Phys. Rev. Lett. 74, 2315
(1995).
44 W. Zawadzki, P. Pfeffer, R. Bratschitsch, Z. Chen, S. T.
Cundiff, B. N. Murdin, and C. R. Pidgeon, Phys. Rev. B
78, 245203 (2008).
45 M. Oestreich, S. Hallstein, A. P. Heberle, K. Eberl,
E. Bauser, and W. W. Ruhle, Phys. Rev. B 53, 7911
(1996).
46 H. Tong, X. Marie, and M. W. Wu, J. Appl. Phys. 112,
063701 (2012).
47 U. Fano, Phys. Rev. 124, 1866 (1961).
48 B. Fluegel, R. N. Kini, A. J. Ptak, D. Beaton, K. Alberi,
and A. Mascarenhas, Appl. Phys. Lett. 99, 162108 (2011).
49 G. Pettinari, A. Polimeni, J. H. Blokland, R. Trotta,
P. C. M. Christianen, M. Capizzi, J. C. Maan, X. Lu, E. C.
Young, and T. Tiedje, Phys. Rev. B 81, 235211 (2010).
50 V. K. Kalevich, B. P. Zakharchenya, K. V. Kavokin, A. V.
Petrov, P. L. Jeune, X. Marie, D. Robart, T. Amand,
J. Barrau, and M. Brousseau, Phys. Solid State 39, 681
(1997).
